We studied mitral 
the left atrium and the retrograde stream from the aorta.4 6 More recently, several groups have observed late diastolic mitral regurgitation in patients with severe aortic regurgitation and have suggested that this may be responsible for the murmur. 7 Simultaneous pressure measurements in the left ventricle and left atrium have demonstrated that, with severe aortic regurgitation, diastolic left ventricular pressure may exceed left atrial pressure and thus predispose to late diastolic mitral regurgitation. [7] [8] [9] [10] [11] [12] We undertook the present investigations to elucidate further the mechanism of production of this murmur by correlating the position The duration of the diastolic filling period (DFP) was determined in each case from phonoecho record as the time from the initiation of valve opening on the echogram to the time of completion of mitral valve closure. The mean of five measurements was recorded as the final value in each patient. Since this period is inversely related to heart rate, each subject's value was compared with a regression equation relating DFP to heart rate obtained from 12 normal subjects (N.J. Fortuin: Unpublished data). DFP was expressed as the difference above (+) or below (-) the normal predicted value for the subject's heart rate.
Results
In figure 1 brief period of stable near-closure in late diastole, and then abruptly reopens with atrial systole. This is followed by a more rapid closing movement which results in almost complete valve closure prior to the onset of ventricular systole.
In 14 patients the Austin Flint murmur was recorded as presystolic, and in all but one of these a middiastolic component was present as well (table 1). In these patients the A wave of the ACG was prominent (A/H ratio 11 to 25%), and the mitral valve echogram demonstrated two diastolic opening movements as in the normal situation (table 1). The presystolic component of the Austin Flint murmur was often crescendo in character, peaking into a soft first heart sound ( fig. 2 ). In these instances the mitral valve opened normally with atrial systole, but the closing movement was more rapid than normal. As illustrated in figure 2 , the crescendo murmur is coincident with the rapid closing movement of the mitral valve. In other patients the presystolic component to the murmur was longer, beginning with the opening movement of the mitral valve with atrial systole and proceeding as a
Phono-echo record from patient 1 to illustrate presystolic Flint murmur (PSM). Note that PSM has its onset at peak of valve opening and becomes louder as valve is closing. Distortion of mitral valve echo in systole and early diastole is due to artifact in the tracing. MA = mitral area; MF = midfrequency; AA = aortic area; SEM = systolic ejection murmur. The midsystolic component of the Austin Flint murmur could be readily differentiated from the aortic diastolic murmur by its lower frequency and because it became louder as the early diastolic murmur became softer. This murmur occurred just after the valve had reached its peak opening in early diastole and became louder as the mitral valve closed during middiastole ( fig. 3 ). The early valve closing movement was excessively rapid.
Isometric handgrip exercise resulted in increased systolic blood pressure and heart rate and augmented the systolic and diastolic murmurs of aortic regurgitation in three patients with a two- (fig. 3) , there has been almost total ation of the opening movement due to systole. In figure 5 the effects of ric exercise on the mitral valve echond simultaneous ACG are demonstratanother patient. Again, the opening lent of the valve due to atrial systole is a addition, the A wave of the ACG, was prominent before handgrip exermuch diminished in size. In a third (no. 3), who had clinically milder Same patient (no. 11) as in figure 3. This record was obtained after 1.5 min of continuous isometric handgrip exercise. Note increased intensities of EDM, systolic murmur (SM), and AFM. Opening movement of mitral valve due to atrial systole is much diminished. aortic regurgitation than the previous two, isometric handgrip exercise intensified the murmurs but did not alter the opening movement of the mitral valve produced by atrial systole. In this patient the A wave of the ACG increased in size.
In patient 15 ( fig. 6 ), the Austin Flint murmur was confined to middiastole. Unfortunately, this murmur, which was loud and easily recognizable by auscultation, could not be well differentiated from a loud early diastolic regurgitant murmur by phonocardiography. However, the PCG did document the absence of presystolic murmur. The ACG had only a small A wave, and the mitral valve echogram displayed only an early diastolic opening movement followed by rapid closure. fig. 9 ). This patient underwent aortic valve replacement, and after surgery mitral valve motion was normal ( fig. 10) .
The difference of the DFP from that predicted for heart rate for each patient is Antegrade ventricular filling, which was of normal volume (table 2) , occurred only during the brief period in diastole during which left atrial pressure exceeded left ventricular pressure and the mitral valve was open. Since the Austin Flint murmur was heard only in middiastole in this patient, it is likely that antegrade flow across the valve was responsible for production of the murmur. We propose that the murmur occurred because the shortened diastolic filling period with normal antegrade flow resulted in increased velocity of antegrade flow across the valve. Velocity of flow was further augmented because the mitral valve was closing and thus reducing its orifice size during much of the filling period. Thus, a turbulent flow jet of great velocity was produced, which is precisely the situation that Rushmer suggests is responsible for most heart murmurs. 22 Extension of this line of reasoning can be used to explain the mechanism of the Flint murmur in patients in whom the hemodynamic consequences of aortic reflux are not so severe. These patients generally manifest a two-component or solely presystolic murmur. In most of them, the diastolic filling period is abbreviated because of prolonged ejection Circulation, Volume XLV, March 1972 time. We have found that the middiastolic component of the murmur occurs as the mitral valve is closing rapidly. This closure movement is excessively rapid because of the rise in ventricular pressure which results from combined filling of the ventricle from aorta and left atrium.2' We postulate that as a result of the early aortic reflux, left atrial emptying is incomplete during the period of rapid ventricular filling and blood continues to flow across the mitral valve beyond this period as the mitral valve is closing. Continued flow across a narrowing orifice may be responsible for the early diastolic left atrial-left ventricular pressure gradient which has been described in patients with the Flint murmur by others" and was seen in patient 15 in this study ( fig. 7) . The narrowing mitral valve orifice and continued antegrade flow result in increased velocity of flow, even though the actual amount of flow may be diminished. Turbulence set up in the antegrade stream is then responsible for production of a murmur. This mechanism of increasing flow velocity while the valve orifice size is diminishing has been proposed by Criley23 to explain the crescendo quality of the presystolic murmur of mitral stenosis and may also be applicable to the middiastolic rumble which accompanies mitral regurgitation, 24, 25 large left-to-right shunts, or high output states.
The middiastolic component of the Austin Flint murmur and the murmurs accompanying these latter conditions are similar low-frequency rumbling noises which occur in middiastole after the period of rapid ventricular filling.25 A unifying mechanism of production, as proposed here, would help to explain why they have similar auscultatory characteristics.
This explanation may also be applied to the presystolic component of the Flint murmur. Excessively rapid closure of the mitral valve following atrial systole, as noted in some of our patients, probably occurs because of a rapid rise in late ventricular diastolic pressure. Continued antegrade flow across a rapidly narrowing orifice therefore produces increasing flow velocity and a crescendo Flint murmur ( fig. 2) . In other patients the presystolic component of the murmur begins earlier with the onset of atrial systole ( fig. 3) We used amyl nitrite to alter the Flint murmur and valve motion pattern in patient 15. This drug reduces peripheral resistance29 and would be expected to reduce the volume of aortic reflux. In patients with aortic regurgitation, the Flint murmur has been reported to decrease30 and left ventricular diastolic pressure to fall31 following inhalation of amyl nitrite. In our patient amyl nitrite reduced diastolic ventricular pressure, so that the mitral valve could reopen with atrial systole. The duration of diastolic filling was thereby prolonged, and atrial systole could then make its contribution. This observation may explain why the Flint murmur is softer in this type of situation.
A previous study from our laboratory described a correlation between the presence of an Austin Flint murmur and the severity of aortic regurgitation as determined by left ventricular volume measurements. ' diastole as a result of distention of the ventricle by antegrade and regurgitant flow and proposed that the murmur occurred in presystole as the atrium contracted against a nearly closed mitral valve.
In our previous study of aortic regurgitation, we found that a large A wave in the apexcardiogram was associated with elevated left ventricular end-diastolic pressures (LVEDP) but that in some patients with high LVEDP the A wave was not increased.14 Correlation of mitral valve motion with the ACG in the present study provides an explanation for this discrepancy. In all patients in whom the mitral valve opened with atrial systole, the A wave was prominent. However, when LVEDP became so high that it exceeded left atrial pressure and the mitral valve did not open with atrial systole, as in patient 15, the ACG A wave was small.33 This situation was induced in two patients (no. 10 and 11) with handgrip exercise. In patient 3, on the other hand, the A wave increased during isometric handgrip, and the valve echogram showed that the valve continued to open normally with atrial systole. When the LVEDP of patient 15 was lowered with amyl nitrite and the mitral valve could open with atrial systole, a large A wave appeared on the ACG. Thus, the mitral valve echogram in conjunction with the ACG allowed evaluation of the relationship between left atrial and ventricular diastolic pressures.
These studies provide evidence that the Austin Flint murmur, which is commonly heard in patients with severe aortic regurgitation, is in essence a flow rumble produced by antegrade flow across the mitral valve. Further hemodynamic studies done in conjunction with the noninvasive methodology employed here will very likely provide additional insight into some of the observations reported.
